Introduction Agonists at the mu opioid receptor (MOR) are widely recognized for their effects on reward and pain. Although prior studies have attributed some of these effects to MORs on GABA neurons in the ventral tegmental area (VTA), recent studies have identified a region of particularly strong MOR immunostaining residing caudal to the VTA, in a region denoted the rostromedial tegmental nucleus (RMTg). Methods Hence, we examined whether rats would selfadminister small doses (50-250 pmol) of the selective MOR agonist endomorphin-1 (EM1) into the RMTg and adjacent sites. EM1 was chosen due to its short half-life, thus limiting drug spread, and due to its presence endogenously in brain neurons, including some afferents to the RMTg. Results The highest rates of EM1 self-administration occurred within 0.5 mm of the RMTg center, in a region roughly 0.8-1.6 mm caudal to the majority of VTA DA neurons. In contrast, self-administration rates were much lower in the adjacent VTA, interpeduncular nucleus, central linear nucleus, or median raphe nucleus. Furthermore, EM1 infusions into the RMTg, but not surrounding regions, produced conditioned place preference, while EM1 infusions into the RMTg but not anterior VTA markedly reduced formalin-induced pain behaviors. EM1 effects were mimicked by infusions of the GABA agonist muscimol into the same region, consistent with EM1 having inhibitory actions on its target neurons. Conclusion These results implicate a novel brain region in modulating MOR influences on both appetitive and aversive behavior.
Introduction
Agonists at the mu opioid receptor (MOR) strongly influence both pain and reward (Basbaum and Fields 1984; Devine and Wise 1994; Le Merrer et al. 2009; Negus et al. 1993) via receptors that are distributed widely throughout the brain and spinal cord (Ding et al. 1996; Mansour et al. 1994) . MORs in or near the ventral tegmental area (VTA) have been a topic of particular interest, as this region is enriched in dopamine (DA) neurons projecting to forebrain regions implicated in reward and motivation (Ikemoto 2007; Wise and Bozarth 1987) , and numerous studies have implicated MORs in the VTA in reward and pain. For example, MOR agonist injections into the VTA region support self-administration (Devine and Wise 1994; Welzl et al. 1989; Zangen et al. 2002) , produce conditioned place preference (CPP) Nader and van der Kooy 1997; Shippenberg et al. 1993) , and markedly reduce pain behaviors induced by formalin injections into the hindpaw Stewart 1998, 1999; Manning et al. 1994; Morgan and Franklin 1991) .
While numerous studies have hypothesized that MOR agonists influence GABAergic interneurons in the VTA (Johnson and North 1992) , few studies have distinguished actions in the VTA from other nearby small midbrain structures. One exception is a notable study that found that the endogenous MOR agonist endomorphin-1 (EM1) was more rewarding in the posterior than anterior VTA (Zangen et al. 2002) . Although that study did not examine sites yet further caudal, we recently found high levels of MOR immunoreactivity extending up to 1-2 mm posterior to the VTA (Jhou et al. 2009b) , in a region denoted the rostromedial tegmental nucleus (RMTg), and also called the tail of the VTA (Kaufling et al. 2009 ). The RMTg is a recently identified brain region exhibiting distinct neuroanatomical, physiological, and behavioral properties, and that consists of GABAergic neurons that project intensely to midbrain DA neurons (BalcitaPedicino et al. 2011; Jhou et al. 2009a ) while also receiving a strong input from the lateral habenula and playing central roles in motivated behavior (Hong et al. 2011; Jhou 2005; Jhou et al. 2009a, b; Kaufling et al. 2009; Metzger et al. 2010) . A rapidly growing number of recent electrophysiological studies implicate the RMTg in mediating MOR agonist effects on DA neurons (Jalabert et al. 2011; Lecca et al. 2011a, b; Matsui and Williams 2011) (Kaufling and Aston-Jones, unpublished observations) , but little is known about the behavioral implications of these findings. Hence, we tested whether small doses of EM1 injected in or near the RMTg are reinforcing, as measured by intracranial self-administration (ICSA) and CPP. We used EM1 due to its short half-life in brain tissue, thus limiting effects of diffusion (Fichna et al. 2007; Perlikowska et al. 2009) , and because it is endogenously produced in the brain, making it potentially relevant to mechanisms of endogenous opioid function. We also examined EM1 effects on formalin-induced pain, in order to test the hypothesis that appetitive and aversive behaviors might be modulated by similar substrates. Finally, because of evidence that MOR agonists inhibit RMTg neurons (Lecca et al. 2011a; Matsui and Williams 2011) , and that GABAa agonists in this region may be rewarding (Ikemoto et al. 1998) , we also examined whether effects of EM1 would be mimicked by the GABAa agonist muscimol.
Methods

Animals
Male albino Wistar rats (275-350 g; Harlan Laboratories) were used for all experiments. All protocols were conducted under National Institutes Health (NIH) Guidelines using the NIH handbook Animals in Research and were approved by the Animal Care and Use Committee (National Institute on Drug Abuse, Intramural Research Program, Baltimore, MD). We used 38 rats for ICSA experiments, 26 rats for CPP experiments, and 12 rats for formalin pain tests.
Surgeries
Guide cannulae (24 gauge, Plastics One) were implanted at least 5 days prior to behavioral sessions. RMTg coordinates were: AP −6.2 to −6.8, DV −7.5, and RL −1.8, while VTA coordinates were: AP −5.2 to −5.8, DV −8.1, and RL −1.8, and control sites lateral to the RMTg used RL03.0. Cannulae for the formalin pain experiment were bilateral, while all other experiments used unilateral cannulae.
Intracranial self-administration
After implantation of guide cannulae, rats received daily 90-min self-administration sessions in which 75-nl doses of drug were delivered into the brain via an injector cannula as previously described (Ikemoto and Sharpe 2001) . After an initial acclimation session, injection reservoirs were filled with 0.4 mg/ml EM1 (0.65 mM), 2 mg/ml EM1 (3.3 mM), or 19.5 mg/ml muscimol (100 μM), yielding 50, 250, or 7.5 pmol/infusion, respectively. The order of drugs tested followed a fixed and repeating daily cycle, in which one session of ACSF infusions was followed on the next daily session by a session of EM1 self-administration (250 nmol/ 75 nl/infusion) at the same site. In 16 rats, muscimol was self-administered in the next daily session after EM1, while in seven rats, self-administration of a lower EM1 dose (50 pmol/infusion) was examined prior to the higher dose of EM1. After one cycle of drugs was completed, the injector cannula lengths were increased by 0.5 mm, and the cycle repeated, hence, testing multiple sites in each rat along a vertical track.
Immunohistochemistry for MOR and TH
Immunostaining procedures were as previously described (Chou et al. 2002) . Primary antibodies were rabbit polyclonal against MOR (1:10,000 dilution; Gramsch Laboratories, Schwabhausen, Germany) or mouse monoclonal antibodies against tyrosine hydroxylase (TH) (1:10,000 dilution; MAB5280, Millipore Inc.).
In situ hybridization for prepronociceptin
In situ hybridization was performed as previously described (Chou et al. 2001; Simmons et al. 1989 ) using digoxigeninlabeled riboprobes transcribed from plasmid containing the prepronociceptin (Pnoc) gene (generous gift of Dr. Stanley Watson). Digoxigenin-labeling was then visualized using an alkaline-phosphatase (AP) reaction with nitro-blue tetrazolium and 5-bromo-4-chloro-3′-indoylphosphate.
Conditioned place preference
Animals were conditioned to the place preference apparatus (Med Associates Inc., St. Albans, VT) as previously described (Ikemoto and Donahue 2005) . In brief, the drug-paired chamber was counterbalanced in all groups, and on the first day, animals explored all chambers freely for 15 min, constituting a baseline preference score (seconds spent in the drug-paired chamber, minus seconds spent in the opposite chamber). Over the next 4 days, animals received intracranial ACSF injections (1 nmol in 300 nl, delivered over 20 s) each morning (between 10:00 and 11:00 A.M.) using a syringe pump (Harvard Apparatus, Holliston, MA) and an acutely inserted 29-gauge injector cannula (Plastics One, Roanoke, VA). After a 2-min wait, injectors were removed and rats placed into one chamber (designated the "unpaired" chamber) for 15 min. Later that day (between 3:00 and 4:00 P.M.), animals received intracranial EM1 infusions (1 nmol in 300 nl) and were placed into the opposite, "paired" chamber for the same duration. On the sixth day, animals explored all chambers for 15 min without drug. The post-conditioning preference score was calculated in the same manner as the pre-conditioning score, and the "preference shift" was calculated as the post-conditioning preference score minus the pre-conditioning score.
Anatomical assessment of cannula locations and TH, Pnoc expression
Rats were perfused transcardially with 10 % formalin. Brains were extracted and equilibrated overnight in 20 % sucrose, and then sliced into 40-μm coronal sections. For cannula localization, every fourth section was immunostained for MOR, and AP coordinates determined relative to a coronal reference plane passing through the rostral tip of the interpeduncular nucleus (IPN). To assist in determining AP coordinates, we also sliced two normal adult rat brains into 40-μm coronal sections, and mounted every fourth section stained for MOR, producing a set of "reference" brain sections 160 μm apart, which were photographed and used as templates to which individual cannula sites were compared, guided also by anatomical landmarks such as the IPN, decussation of the superior cerebellar peduncle, and anterior tegmental nucleus. These coordinates were used to group cannula sites into one of several 400-μm bins for subsequent statistical analysis. Drawings of brain sections ( Fig. 1a-g ; Figs. S1 and S2) were derived from the same reference photographs used to estimate AP coordinates.
For quantification of TH and Pnoc, four brains were sliced into six or 12 series of 40-μm sections, i.e., yielding series containing sections 240 or 480 μm apart. One series from each brain was immunostained for TH, while an adjacent series was processed for in situ hybridization to reveal Pnoc. We then estimated each section's AP coordinate using the same "reference" template photographs used for cannula localization, and then categorize each section into one of the 400-μm anatomic bins used to group cannula sites. TH and Pnoc cells were counted in a square region 0.75 μm high, and extending from the midline to 0.75 mm lateral, and were summed over left and right hemispheres.
Formalin-induced pain
One week prior to testing, animals were implanted with bilateral guide cannulae as in ICSA experiments. Immediately before sessions, we gave infusions of ACSF, EM1 (2 mg/ml) or muscimol (100 μM) (counterbalanced order) into the RMTg or VTA. Infusions consisted of an initial bolus (1 nmol EM1 in 300 μl, or 500 nl muscimol) delivered over 60 s, followed by an additional 100 pmol/min (for EM1) or 50 nl/min (for muscimol) administered over the next 25 min to maintain a relatively constant drug concentration. The formalin pain test was then administered as previously described (Dubuisson and Dennis 1977) . Briefly, we injected 50 μl of 2.5 % formalin (Sigma-Aldrich) into the plantar surface of the hindpaw (counterbalanced left/ right), and scored behavior for 24 min using a numerical rating scale as follows: Rating 0, injected paw firmly on floor and bearing weight, or used in locomotion without favoring. Rating 1, paw lightly contacts floor, or used in locomotion with limp. Rating 2, paw elevated off floor. Rating 3, animal licks, bites, or shakes affected paw. Seven and 14 days later, rats received additional formalin pain tests into alternating paws with counterbalanced drug order.
Statistical analysis
Because multiple cannula sites were tested in each animal, ICSA data variability derives from differences in site as well as between animals. To reduce between-animal variability, all calculations involving multiple animals were done using ICSA rates normalized to ACSF infusion rates for that particular animal. Unless otherwise indicated, comparisons of groups were made using a one-way analysis of variance (ANOVA) using Statistica (StatSoft Inc., Tulsa, OK), and post-hoc tests performed using a Student'st-test with Bonferroni correction.
Because each animal was tested for EM1 ICSA at multiple sites, the possibility existed that drug reward in particular sessions might elevate responding in subsequent sessions due to conditioning. However, prior results suggest that any conditioning effects extinguish quickly (Zangen et al. 2002) , and in the present study, infusion rates during ACSF sessions were not significantly higher after EM1 sessions that produced high responding rates than after EM1 sessions producing low responding rates (p00.56, paired two-tailed t-test), i.e., conditioning effects between consecutive sessions were not detectable, and unlikely to affect our results.
Results
Demarcation of intracranial infusion sites
Of 38 rats tested for EM1 ICSA, seven were excluded from analysis due to very low rates of leverpressing (below 10 per session during ACSF sessions). In the remaining rats, 135 distinct midbrain sites were tested (Fig. 1) . Cannula placements were compared to MOR immunostaining (Fig. 1h) , and the anterior-posterior (AP) coordinate of each cannula site was determined relative to the rostral tip of the IPN (Fig. 2, white vertical line) .
Rats self-administered an average of 27±3 (mean± standard error) infusions of ACSF vehicle per session, a value which did not differ between the RMTg, VTA, and the adjacent CLi (p00.72, ANOVA). At sites within 0.5 mm of the RMTg center, EM1 self-administration rates were invariably higher for EM1 than ACSF vehicle (Fig. 1j) , an effect not seen in the VTA or sites just caudal to the RMTg (Fig. 1i,k) . Because individuals with higher baseline ACSF Fig. 1 EM1 self-administration data for individual animals and sessions. a-g Individual ICSA infusion sites are shown in coronal sections arranged from rostral to caudal. Open rectangles represent sites where infusion rates for endomorphin-1 (EM1) were not higher than ACSF (p>0.02). Lighter filled rectangles indicate sites where EM1 infusion rates were two to three times ACSF rates (p<0.02), while darker filled rectangles indicate infusion rates greater than three times ACSF rates (p<0.00005). Concentric dashed rings outline areas within 0.5, 1.0, and 1.5 mm radius of RMTg center. h Coronal brain section shows MOR immunoreactivity (dark reaction product), which demarcates the RMTg; immunoreactivity is also elevated in the adjacent interpeduncular nucleus (IPN). Cannula tip just lateral to RMTg is indicated by arrowhead. Leverpressing rates for ACSF or EM1 in individual rats with cannulae in the VTA (i), within 0.5 mm of the RMTg center (j), or at sites caudal to the RMTg (k). Scale bars01 mm (a-g) or 0.5 mm (h). aVTA anterior ventral tegmental area, pVTA posterior ventral tegmental area infusion rates also showed proportionally greater EM1-induced increases (Fig. 1j) , for statistical analyses all infusion rates were normalized to the ACSF infusion rate for that particular animal.
Comparisons between infusion sites
EM1 self-administration rates were elevated to 225±27 % of vehicle rates for sites in the RMTg, a highly significant increase (p00.0004; Fig. 3a ). This elevation was not present for adjacent sites in the IPN (n06, p00.43), median raphe nucleus (MRN, n 06, p 00.24), and CLi (n 06, p 00.5; Fig. 3a) . EM1 self-administration rates into the VTA were mildly elevated, to 135± 11 % of vehicle rates (n08, p00.012), but after adjusting for multiple comparisons, this change did not meet criteria for statistical significance.
We next compared EM1 self-administration rates across rostral-caudal sites residing within a 1-mm diameter column of tissue passing through the VTA, RMTg, and sites immediately caudal (Fig. 2, blue dashed lines) . We segmented this column of tissue into five coronal slabs corresponding to the "anterior VTA" (AP distances −0.8 to 0 mm relative to reference plane), "posterior VTA" (AP 0 to 0.8 mm), "anterior RMTg" (AP 0.8 to 1.2 mm), "posterior RMTg" (AP 1.2 to 1.6 mm) and "caudal sites" (AP >1.6 mm). EM1 infusion rates varied significantly between groups (ANOVA, F 4,22 0 7.9, p00.00042), with the highest rates seen in the anterior and posterior RMTg (Fig. 3b) , which reached 243±29 % and 213±15 % over vehicle infusion rates; both values were significantly higher than ACSF infusion rates (p00.0001 and p07×10
−5 , t-test, respectively), and also significantly higher than EM1 infusion rates into the VTA or regions entirely caudal to the RMTg (p<0.05 each comparison, Tukey HSD post-hoc test). We also examined the anterior-posterior distribution of markers for DA and RMTg neurons. Using tissue from four rats, we counted the number of neurons expressing TH at the same coronal levels used to categorize infusion sites. Most TH neurons resided anteriorly to the sites where EM1's behavioral effects were highest (Fig. 3b , light grey-shaded region; Table 1 ). In adjacent sections, we counted neurons expressing in situ hybridization for prepronociceptin (Pnoc), a gene that encodes the opioid-like peptide nociceptin (also called orphanin FQ), and that colocalizes heavily with existing RMTg markers (Morales et al. 2011) . Pnoc neurons were most numerous at AP coordinates 0.8-1.6 mm caudal to the reference plane, matching the regions of highest MOR immunoreactivity where EM1 behavioral effects were highest (Fig. 3b , dark grey-shaded region; Table 1 ).
Comparison of different doses
Most rats were tested using a 250 pmol/infusion dose of EM1, but in six rats we also tested self-administration of a lower dose (50 pmol/infusion). In nine sessions with these animals, infusion sites were within 0.5 mm of the RMTg center (Fig. S1 ). Prior work showed that this lower dose produced smaller increases in self-administration rates than the larger dose when infused into the posterior VTA (Zangen et al. 2002) . However, in the present study, self-administration rates into the RMTg were 229±13 % of ACSF rates, not significantly different from infusion rates for the higher dose (p00.52, paired t-test), again consistent with the hypothesis that EM1 is more effective in the RMTg than VTA.
Similar effects of MOR and GABA agonists in the RMTg
We had hypothesized that MOR agonists' rewarding effects are mediated by the inhibition of RMTg neurons; hence, we examined whether rats would self-administer the GABA agonist muscimol into the RMTg. Indeed, self-administration of muscimol within 0.5 mm of the RMTg center (Fig. S2 ) occurred at 272±40 % of ACSF rates, a significant increase over vehicle (p00.001, n011; Fig. 3c) , and similar to the rates seen for EM1. At progressively farther distances from the RMTg center, ICSA rates for both muscimol and EM1 declined steadily (Fig. 3c) . 
Conditioned place preference after EM1 infusions into the RMTg
Although we had hypothesized a rewarding effect of EM1, elevated ICSA rates can be due to either rewarding effects of drug, or acute motor activating effects (or both). Hence, we examined whether EM1 infusions into the RMTg produce CPP, a paradigm in which animals are tested free of drug, largely avoiding acute drug effects. In a new group of 24 rats, five rats had cannula sites residing within 0.5 mm of the RMTg center (Fig. 4) , while the remaining 19 rats had cannula placements caudal, lateral, or rostral to the RMTg. After conditioning, RMTg-injected rats spent 166±25 s longer in the EM1-paired chamber, relative to their preconditioning baseline preference, a significant increase (p0 0.003; Fig. 4 ). Preference scores for rats with cannulae in the VTA (n07), or sites lateral to the RMTg (n07) were not different from baselines (p00.29, and 0.78, respectively). Three rats with cannula sites caudal to the RMTg, and two sites ventral to the RMTg, did not constitute sufficiently large groups for statistical analysis, but when all control sites were pooled into a single group, no preference (or aversion) for the EM1-paired chamber was seen (p00.9, n019).
EM1 infusions into the RMTg markedly attenuate formalin-induced pain
Numerous studies suggest that rewarding and aversive stimuli are processed by overlapping brain substrates. Hence, we tested whether EM1 infusions into the RMTg would modulate formalin-induced pain behaviors. In six rats with cannulae targeted at the RMTg, five had cannulae tips residing within a 0.5-mm radius of the RMTg center (delineated by MOR staining). The sixth site was rostral and dorsal to this region, and was discarded from further analysis. As the 24-min test sessions exceeded the expected halflife of EM1 in brain tissue, initial bolus infusions (1 nmol) were followed by 100 pmol/min of drug delivered throughout the session, a rate similar to that seen in most EM1 ICSA sessions, and intended to produce relatively constant drug concentrations during the session.
When hindpaw formalin injections were accompanied by vehicle in the RMTg, pain behaviors were elevated in two distinct phases, consistent with prior reports (Dubuisson and Dennis 1977) (Fig. 5a) . Hence, we calculated average pain scores during two time windows, the first spanning 0-4 min post-injection, and the second spanning 16-24 min postinjection. Prior studies noted that opioids do not attenuate the first phase of pain (Dubuisson and Dennis 1977) , and we saw similar effects after EM1 infusions into the RMTg, which produced a marked 85 % reduction in formalin pain scores during the second phase (from 2.0±0.17 to 0.31± 0.29, p00.0016, t-test; Fig. 5a,c) , but no significant difference in the first phase (p00.78; Fig. 5a,b) . Muscimol infusions into the RMTg produced a more modest, but still 
Counts of neurons expressing tyrosine hydroxylase (TH) immunohistochemistry or prepronociceptin (Pnoc) mRNA are given per 40-μm section, as a function of anterior-posterior (AP) distance from the rostral edge of the interpeduncular nucleus neurons (leftmost shaded region, right-hand y-axis), a marker of DA neruons, and the distribution of prepronociceptin (Pnoc) (rightmost shaded region), a marker of RMTg neurons. c EM1 and muscimol are self-administered at similar rates into the RMTg, and both rates decline with increasing distance from the RMTg center. **p<0.002, *p<0.01, †p<0.02 significant 55 % decrease in second phase pain scores relative to ACSF infusions (p00.008; Fig. 5a ,c).
Effects of EM1 and muscimol in rostral VTA are weaker than in RMTg
We next placed bilateral cannulae into the rostral VTA in a separate group of six rats. Histological reconstruction showed that five pairs of cannulae resided in the rostral VTA, while the sixth resided caudally, and was excluded from further analysis. Neither EM1 nor muscimol infusions into the rostral VTA altered pain scores in the first phase (p00.40 and 0.46, respectively; Fig. 5b ). In the second phase, EM1 and muscimol produced effects that did not reach significance, but were likely trending toward reductions (42 % reduction in formalin pain after EM1, p00.06 and 24 % reduction after muscimol, p00.09) (Fig. 5c ). Hence, a role for the VTA appears possible, but appears to be weaker than the RMTg role.
Discussion
We found that rats self-administered EM1 into the RMTg much more avidly than into the VTA, IPN, CLi, MRN, and other nearby sites. EM1 infusions into the RMTg region, but not adjacent sites, also elicited CPP, while EM1 infusions into the RMTg produced larger reductions in formalin pain than injections into the rostral VTA. These results are consistent suggest that the most effective sites for these actions are not in the VTA, but rather at sites more caudal. Furthermore, we found that muscimol and EM1 had similar effects on both ICSA and pain behaviors in the RMTg, consistent with prior electrophysiological findings that MOR agonists uniformly inhibit neurons in the RMTg region (Lecca et al. 2011a; Matsui and Williams 2011) and that the RMTg mediates opioid induced disinhibitory effects on DA neurons (Jalabert et al. 2011; Lecca et al. 2011a, b; Matsui and Williams 2011) . Prior studies had also found that morphineinhibited neurons in the RMTg are activated by habenular stimulation and aversive sensory stimuli (Lecca et al. 2011a) , again consistent with previously identified properties of RMTg neurons (Hong et al. 2011) , and consistent with a link between opioid effects, RMTg functions, and motivated behavior.
Methodological concerns
Because of the proximity of the RMTg to other regions having distinct anatomical, and functional properties, we tried to minimize drug spread using small injections of a short-acting agonist. However, some drug necessarily spread to distal sites, with initial diffusion likely occurring preferentially in a dorsal direction along the cannula track. This could be a concern as the periaqueductal gray (PAG), a known site of opioid actions, resides 2-3 mm dorsal to the RMTg. However, we found that self-administration rates for EM1, although elevated within the RMTg, were never elevated at sites just 0.5 mm ventral, suggesting that EM1 dorsal spread is less than 0.5 mm. ICSA rates within the PAG also were not elevated above vehicle, further suggesting that diffusion into the PAG is not a likely explanation of elevated ICSA rates. Although muscimol's longer duration of effect could have led to greater diffusion than with EM1, our previous study that investigated self-administration effects of muscimol in the dorsal and median raphe nuclei (Liu and Ikemoto 2007) suggests that muscimol's effects are confined with 0.5 mm of these regions.
Although EM1 is less extensively studied than synthetic opioids such as morphine, it is notably produced endogenously, e.g., by tuberomammillary neurons in the posterior hypothalamus (Greco et al. 2008; Martin-Schild et al. 1999) , which project to the RMTg (Jhou et al. 2009a ; Fig. 5O in  cited work) . Hence, the current results may suggest a possible novel mechanism of action of endogenous opioids.
Relationship to studies of the VTA Numerous prior studies had shown behavioral effects of MOR agonists in the VTA, albeit often without use of anatomic controls, or other measures to control for drug spread. For example, early ICSA studies often used morphine (Bozarth and Wise 1981b) , which remains active for hours when injected into the brain (Houdi et al. 1996) , while in contrast EM1's half-life in brain homogenates is estimated at 6 min (Perlikowska et al. 2009 ), and its effects on motivated behaviors dissipate within 15 min after intracranial injections (Fichna et al. 2007) . Although few prior studies had examined multiple locations around the VTA, one notable study (Zangen et al. 2002) found that EM1 was self-administered more avidly into the posterior than anterior VTA, and produced CPP in the posterior but not anterior VTA, strikingly consistent with the current findings.
Our finding that EM1 into the VTA did not produce CPP differs from prior studies, again possibly due to our use of smaller doses of shorter-acting drugs, shorter conditioning sessions, and more detailed anatomic analyses. Again, some prior studies used morphine with 30-to 45-min-long CPP conditioning sessions (Nader and van der Kooy 1997; Olmstead and Franklin 1997) , again increasing the likelihood of diffusion, whereas we used 15-min conditioning sessions and a relatively low 1.0 nmol dose of EM1. Although we saw somewhat lower levels of place preference than previous reports (Olmstead and Franklin 1997) , effects were still consistent and highly significant. One other study did report CPP after injections of small doses (1.6 nmol) of EM1 into the VTA (Terashvili et al. 2004 ), but their injection sites resided at posterior levels likely to overlap the rostral portion of the RMTg. Hence, the current results may be more consistent with existing literature than initially apparent.
Interaction of RMTg with other sites regulating motivated behavior
Prior studies had shown that opioid effects on both reward and analgesia can be blocked by DA receptor antagonists (Altier and Stewart 1998; Bozarth and Wise 1981a; David et al. 2002; Morgan and Franklin 1991; Shippenberg et al. 1993 ). However, non-DA mechanisms may also be important, as studies by van der Kooy and colleagues note that morphine reward in drug-naïve animals is dependent on the pedunculopontine nucleus (PPTg) (Nader and van der Kooy 1997; Vargas-Perez et al. 2009 ). Notably, the RMTg projects strongly to both DA neurons and to the PPTg (Jhou et al. 2009b; , and further studies are needed to determine whether these targets mediate the observed effects. The RMTg also receives direct afferents from at least two regions, the ventral PAG and lateral habenula (Jhou et al. 2009b; Kaufling et al. 2009 ), where opioid injections produce analgesia and/or reward (Cohen and Melzack 1985; Manning et al. 1994; Olmstead and Franklin 1997; Yaksh et al. 1976 ). Yet another site residing in the posterior hypothalamus 1-2 mm rostral to the VTA has been implicated in opioid analgesia (Manning and Franklin 1998; Olmstead and Franklin 1997) , but the current study did not examine sites this far rostral. Hence, further studies are needed to examine relationships of the RMTg to a larger network of MOR-sensitive brain regions regulating both appetitive and aversive behavior.
